Selected recent results from the H1 and ZEUS experiments are reviewed, illustrating some of the many facets of "meson physics" at the HERA ep collider. The results cover exclusive elastic and proton-dissociative diffractive vector meson production and comparisons with recent theoretical calculations show that perturbative QCD models are successful in describing these processes when at least one of the involved scales have large values. Furthermore a search for odderon induced exclusive photoproduction of pseudoscalar and tensor mesons is described; upper limits for the cross sections are below recent theoretical predictions. Finally the status of open charm meson spectroscopy in inclusive final states is reported.
Introduction
In the very successful first running period, which ended in 2000, the ep collider HERA at DESY yielded more than 100 pb −1 of integrated luminosity for each of the two experiments H1 and ZEUS. These data provide high statistics samples in many interesting areas of physics. In the present report, recent results in three such areas, all related to "meson" physics, are described. More precisely, the topics of Exclusive Vector Meson Production, Production of Pseudoscalar and Tensor Mesons via Odderon Exchange, and finally Charm Spectroscopy, are addressed.
Exclusive Vector Meson Production
The diffractive, exclusive vector meson production process, ep → eV Y, with V = ρ
• , ω, φ, J/Ψ, Ψ ′ , Υ,
and with Y being either a proton (elastic scattering) or a low mass hadronic system (proton dissociative scattering), has been extensively studied at HERA. Detailed reviews are given in [1, 2] . The renewed interest in this seemingly simple reaction stems from the fact that the HERA colliding beam experiments greatly extend the accessible range both of the center of mass energy and of the physics scales which are involved in the process. Thus detailed studies are possible both in the soft, low energy regime already explored by the fixed target experiments, and in the new regime, where scales reach values large enough for perturbative QCD (pQCD) to be applied, i.e. where Λ QCD is small in comparison.
Reaction (1) is shown schematically in Fig. 1a . The virtual photon, emitted by the scattered electron, scatters diffractively off the proton to form a vector meson. The following quantities will be used in the discussion: • Q 2 : The photon virtuality, i.e. the absolute value of the squared 4-momentum transfer at the electron vertex (the generic term 'electron' is used for both e + and e − ). In the results presented here Q 2 ranges from ∼ 0 to ∼ 100 GeV 2 .
• W γp , or simply W : the CM energy of the γ * p system, here in the range 20 ∼ < W γp ∼ < 290 GeV.
• t: The squared 4-momentum transfer at the proton vertex, with 0 ∼ < |t| ∼ < 20 GeV 2 in the present results. For small values of Q 2 , |t| is well approximated by the squared transverse momentum of the produced vector meson V , t ≈ −p 2 t,V .
The classical approach, based on Regge theory and Vector Meson Dominance (VDM), gives a successful description of process (1) for the light vector mesons and for low values of Q 2 and |t|. Diffractive scattering means exchange of the vacuum quantum numbers, and the corresponding Regge trajectory is the Pomeron. Predictions in this approach are, among others: a slow rise of the cross section with W , i.e. σ ∝ W 0.2−0.3 , shrinkage of the diffractive peak with increasing W , i.e. dσ/dt ∝ e bt (W/W 0 ) 4(α I P (t)−1) with α IP (t) = α IP (0) + α ′ IP t and b = b 0 + 4 α ′ IP ln(W/W 0 ), conservation of the S-channel helicity (SCHC) and a Q 2 -dependence σ ∝ 1/(Q 2 + M 2 V ) 2 . In the pQCD approach, Fig. 1b , the process (1) is seen as a series of steps, well separated by the very different timescales involved (factorization):
• The virtual photon fluctuates into apair, i.e. into a colour dipole.
• Thepair scatters off the proton, in leading order under exchange of a pair of gluons in a colour singlet state.
• The scatteredpair forms a bound state, the vector meson.
While thescattering can be described within pQCD, the γ →and→ V processes are modelled with the respective wave-functions. In this approach, the cross section for (1) is proportional to the square of the gluon density g(x, Q 2 ) in the proton [3] ,
where x is the Bjorken x. pQCD predictions for reaction (1) are partly different from those of the Regge and VDM approach. Thus the cross section will rise steeply with W , due to the increasing gluon density in the proton at small values of x and the relation xW 2 γp ≈ Q 2 , valid for small x at a given Q 2 . Furthermore, much reduced shrinkage of the diffractive peak is expected, and SCHC is violated. The Q 2 -dependence in (2) is discussed below. The HERA data have been extensively used to demonstrate the va- W -dependence of the cross sections: Fig. 2 shows a compilation of cross section measurements σ γp→V p vs. W , for exclusive photoproduction of vector mesons at HERA and at lower (fixed target) CM energies. Also the total photoproduction cross section is shown. The slow rise with W , as predicted in the Regge approach, is clearly seen for the light vector mesons ρ, ω and φ (and also for the total cross section). However, the rise with W is much steeper for the heavier J/Ψ. The observed W δ -dependence can easily be related to the increasing proton gluon density at small x values: using Ryskin's [4] proposed scale µ 2 = (Q 2 + M 2 J/Ψ )/4 for photoproduction at small |t|, a value µ 2 = 2.4 GeV 2 is obtained. At this scale, and at small x, the gluon density rises [5] as xg(x) ∝ x −0.2 , thus corresponding to σ ∝ W 0.8 , which is in good agreement with the observed δ ∼ 0.7 − 0.8. This indicates that the mass of the c-quark can be used as a hard scale in pQCD calculations. However, theory uncertainties currently limit the access to the proton gluon density via precise measurements of the W -dependence of the cross section for exclusive heavy vector meson production. What happens to the W -dependence of the cross section for light vector mesons, if another scale, e.g. Q 2 , is increased? This is illustrated in Fig. 3a , where the cross section for γ * p → ρ • p is shown vs. W , for increasing average values of Q 2 [6]. The cross section steepens in W with increasing Q 2 , and soon deviates significantly from the "soft pomeron" [7] expectation, as seen in Fig. 3b where the power δ from the W δ fits is plotted vs. Q 2 . At Q 2 > 10 GeV 2 the values of δ for the ρ • cross section are the same as for the J/Ψ (or Ψ ′ ) cross section at Q 2 ∼ 0.
The W -dependence of the J/Ψ cross section, for increasing Q 2 , is shown in Fig. 4a [8] . There is no significant change when going to higher Q 2 values, the already "hard" behaviour at Q 2 ∼ 0 does not become still harder. The data are well described by the pQCD calculations [9, 10] , using recent proton parton density parametrizations [11] . The W -dependence of the J/Ψ cross section also does not change when the other scale, |t|, increases in value. This is seen in Fig. 4b , where the cross section is plotted vs. W for two intervals of |t| [12] . The pQCD model calculation in Fig. 4b [13] agrees with the data. Q 2 -dependence of the cross section:
The cross section (2) contains the factor 1/Q 6 , which is much steeper than the classical, VDM expectation 1/(Q 2 + M 2 V ) 2 . However, the 1/Q 6 dependence in (2) is modified by the Q 2 -dependence in α s and in the proton gluon density. Effectively, a 1/Q n dependence is predicted, with n ≈ 4− 5, depending on the Q 2 range. This is also borne out in the data. Fig. 5a shows the Q 2 -dependence of the ρ • cross section with a fit to the form 1/(Q 2 + M 2 ρ • ) n , with n = 2.60 in the chosen fit interval [6] . It is clear that the whole spectrum cannot be fitted with one simple curve of this form, and that at low values of Q 2 the dependence is less steep. Expression (2) is only valid for the longitudinal part of the cross section, σ L . In [3] also the transverse part, σ T , is calculated and predicted to have a still steeper Q 2 -dependence, by another factor 1/Q 2 . Thus σ L is expected to dominate at larger Q 2 -values. Data confirm this prediction; in Fig. 5b the Q 2 -dependences of σ L and σ T are shown separately [14] . Indeed, the Q 2 -dependence of σ L is even harder than the VDM expectation (n = 2). The steepness of the Q 2 -dependence of the cross section is also modified by e.g. the Fermi motion of the quarks [3, 15] and the suggestion has been made that, beyond the pQCD tests, precise measurements of the Q 2 -dependence of the cross section for elastic vector meson electroproduction can reveal information also about the wave functions of the vector mesons. show the pQCD calculations in [18] , which is an extension of the BFKL [19] approach taken in [20, 13] . Both ρ • and φ data are well described. This is also true for the heavy quark calculation of [13] , shown for the J/Ψ data in Fig.6c .
Helicity studies:
The angular distributions involved in the production and decay of the vector mesons V in the reaction γ * p → V p provide information about the polarization states of the photon and V . Studies of these angular distributions are particularly interesting at large values of Q 2 and |t|, since pQCD models (e.g. [21, 22] ) make predictions about the polarization in these regimes. Thus dominance is expected of longitudinally polarized vector mesons produced by longitudinally polarized photons and violation of SCHC is also predicted. Three angles are defined in the helicity system, the commonly used reference frame:
• Φ: in the hadronic (γp) CM the azimuthal angle between the electron scattering plane and the plane containing V and the scattered proton,
• θ * : the decay angle of the 2-body decay of V , defined by the positive decay particle in the rest system of V , with the quantization axis taken as the direction of V in the γp CM,
• ϕ: the azimuthal angle of the positive decay particle in the rest system of V , i.e. the angle between the V decay and the V production planes.
The normalized angular distribution W (cos θ * , ϕ, Φ) can be written [23] as a function of 15 quantities r α ik , r 04 ik , which are linear combinations of the spin density matrix elements (SDMEs). The subscripts i and k take the values of the possible helicity states −1, 0, 1. The superscripts 0 and 4 refer respectively to unpolarized transverse photons and longitudinally polarized photons, superscripts α = 1 and 2 correspond to linearly polarized transverse photons, and superscripts α = 5 and 6 represent the interference of transverse and longitudinal amplitudes. In the case of SCHC and natural parity exchange (NPE) the 15 independent SDMEs are constrained, and only 5 elements are non-zero. Fig. 7 , where all 15 SDMEs have been determined. The prediction from SCHC and NPE is shown as dotted lines at zero. The two experiments (which are in very good agreement with each other) deviate significantly from this prediction in one element, namely r 5 00 which is clearly non-zero. This deviation is predicted by the pQCD model of Ivanov and Kirschner [22] , which is everywhere in excellent agreement with the data. The element r 5 00 is approximately proportional to the amplitude T 01 for a transverse photon to produce a longitudinal vector meson.
Recently, H1 and ZEUS have extended the helicity studies of ρ • production to larger values of Q 2 and |t|[6, 16, 26] . The H1 analysis studies the single angular distributions 
in each of which the two remaining angles have been integrated over. The polarization parameter ǫ has the value ≈ 0.99 in these analyses. Exclusive ρ • production. |t| and Q 2 -dependence of the SDME combination r 5 00 + 2r 5 11 (top) and r 1 00 + 2r 1 11 (bottom). The curves show a pQCD model [22] , the dotted lines give the SCHC expectation. Fig. 8 shows the determination of the SDME combinations r 5 00 + 2r 5 11 and r 1 00 + 2r 1 11 , as functions of |t| and Q 2 . In the former combination the element r 5 00 dominates. As seen, the previously observed significant SCHC violation in this element persists at high values of |t| and Q 2 , and is increasing with |t|. The ∼ |t| behaviour, which is predicted by pQCD for the combination r 5 00 + 2r 5 11 , describes the data well. In the second combination the element r 1 00 dominates. At large values of |t| and Q 2 significant SCHC violation is observed. Also r 1 00 corresponds to the probability for a transverse photon to produce a longitudinal vector meson. Data are consistent with the predicted ∼linear |t|-dependence. Note that a significant non-zero value for r 1 00 is not seen in the earlier studies (Fig. 7) at low |t| and moderate Q 2 values. The determination of the element r 04 00 from the angular distribution (4) is shown in Fig. 9 , as function of |t| and Q 2 . The |t|-dependence is constant, as predicted in pQCD. Note that data from two different Q 2 ranges are shown; r 04 00 is strongly increasing with Q 2 .
The element r 04 00 represents the probability to produce a longitudinal vector meson, from either a transverse or a longitudinal photon. It can be directly related to the ratio R = σ L /σ T = 1/ǫ · r 04 00 /(1 − r 04 00 ). This relation is valid in the SCHC approximation, i.e. if SCHC is assumed (in view of the previous findings, this is not quite correct and leads to a few % overestimate in R). The R values determined from r 04 00 are shown in Fig. 10 as a function of Q 2 and are well described by a pQCD calculation [27] . For details of the deviation from the naively expected linear Q 2 dependence, see [27] . : |t| and Q 2 -dependence of the SDME r 04 00 in exclusive ρ • production. The curve shows the pQCD model [22] prediction for the lower Q 2 range. The examples given above have amply demonstrated that the quark mass, as well as Q 2 and t all can serve as a hard scale in pQCD calculations. The pQCD approach gives a successful description of exclusive vector meson production at large values of these scales, where the traditional "soft" approach, using VDM and Regge theory, fails. It should however be remembered that the HERA data not only confirm pQCD calculations, but also inspire further development of the theory, in particular where the data are NOT described; a recent example is given in [16] , where the helicity structure of high |t| photoproduction data is not reproduced by any of the available pQCD models. The coverage of the transition region in all involved scales makes HERA an ideal place for these studies. Much enlarged statistics for further advances in this field will soon be available, both in the remaining, still to be analyzed, HERA-I data, and from the coming years of high luminosity running at the upgraded HERA-II. In particular it will then be interesting to see global analyses, using exclusive vector meson production data in combination with inclusive measurement results, like structure functions, jet analyses and inclusive charm production. Such global analyses should yield the ultimate reachable precision and consistency in the parton densities and in the pQCD description of the various reactions, and eventually lead to a deeper understanding of the nature of diffraction.
Search for Odderon Exchange
The developments in QCD in the last 20 years have led to the understanding of Pomeron exchange as an exchange of two gluons, the simplest system for exchanging the quantum numbers of the vacuum. Similarly, the exchange of three gluons, also called Odderon exchange, is now recognized as an important and basic prediction of pQCD. After the early seminal papers [28] established the Odderon as the C = P = −1 "partner" of the Pomeron, several authors have suggested suitable reactions for its discovery, based upon asymmetries due to Pomeron-Odderon interference [29] , or exploiting the specific quantum numbers of the Odderon exchange in exclusive production processes. However, cross sections calculated in pQCD for such exclusive production are in general very small [30] and hardly accessible even with the HERA-II data. Recently, large cross sections for Odderon exchange in soft, exclusive photoproduction processes have been predicted [31] , using a non-perturbative QCD approach based on the Stochastic Vacuum Model (SVM) [32] . This model is very successful in describing a variety of data [33] , also data from HERA. Its extension, including Odderon exchange in which the proton (a quark-diquark system in the model) is excited into a P = −1 N * state, leads to predictions for the exclusive photoproduction of pseudoscalars and tensor mesons, reactions to which Pomeron exchange cannot contribute. The predicted cross sections are large enough to be seen at HERA, and H1 have made a search for such reactions. The difference between Pomeron and Odderon exchange is obvious in the diagram of Fig. 11 . While Pomeron exchange results in C = −1 final states, Odderon exchange leads to C = +1 final states. Multi-photon exclusive final states can then easily be separated into the two classes: even number of photons have C = +1 (Odderon exchange), odd number of photons C = −1 (Pomeron exchange). Candidate multi-photon final states are e.g. π • → 2γ, f 2 (1270) → π • π • → 4γ and a 2 (1320) → π • η → 4γ, all with C = +1, and ω → γπ • → 3γ and b 1 (1235) → ωπ • → 5γ, both with C = −1.
The photons were detected in the backward calorimeters of H1 and the scattered electron in the small angle electron tagger (tagged photoproduction). The 3γ mass spectrum [34] for the exclusive three-photon sample is shown in Fig. 12 . Only events which are candidates for the final state γπ • are included. A clear ω peak is seen above the background. The preliminary cross section (at W γp ≈ 200 Gev), σ(γp → ωp) = (1.25 ± 0.17 ± 0.22) µb agrees very well with the expectation from the W δ dependence for ω photoproduction (see Fig.2 ). The measurements in the 3-photon and and also 5-photon final states (γp → ωπ • X, not discussed here) are interesting in themselves, but for the present purpose can be taken as proof that the photon and π • detection with the H1 detector is well understood. Turning now to the C = +1 multi-photon final states, the 2γ mass spectrum of exclusive two-photon events [35] is shown in Fig. 13 . Only very few events are seen, compatible with the expected background, and there is no indication of a π • peak. This is in stark contrast to the expectation from the model prediction, > 100 events. Taking all events below the generous π • mass cut as signal events, the upper limit σ(γp → O π • N * ) < 49 nb (95% CL) is derived, for < W >= 215 GeV and the range 0.02 < |t| < 0.3 GeV 2 covered by the experiment. The limit is clearly below the predicted cross section of > 200 nb. Note that the limit is given for the N * final state, since in this case a neutron from the N * decay was detected and used in the trigger. 4γ mass distributions [34] are shown for π • π • and π • η final state candidate events in Figs.14a and 14b , respectively [34] . Again, the data are consistent with the expected background, and lie below the model prediction for exclusive f 2 (1270) and a 2 (1320) resonance production via Odderon exchange. The (still preliminary) upper limits are in these cases (95 % CL) σ(γp → O f 2 (1270)X) < 16 nb and σ(γp → O a 2 (1320)X) < 96 nb, to be compared to the model predictions of 21 and 190 nb, respectively. Thus, no evidence of Odderon exchange was found at the cross section levels predicted by the Stochastic Vacuum Model. This result is currently not understood. A possible explanation could be that the Odderon intercept α O is much smaller than unity; the SVM predictions are made for W = 20 GeV and α O ∼ > 1. Indeed, α O < 0.7 is compatible with the upper limit for exclusive π • photoproduction and also with alternative predictions [36] . Nevertheless, the search at HERA for the Odderon will be continued, both with higher statistics for the above reactions (noting that the upper limit for f 2 (1270) production is just below the model prediction), and in other final states where e.g. predictions of asymmetry due to Pomeron-Odderon interference [29] can be tested.
Open Charm Spectroscopy
The study of inclusive heavy quark production at HERA has many facets, see e.g. the extensive review in [37] . In LO QCD, charm quarks are produced via the Boson-Gluon-Fusion (BGF) diagram in Fig. 15a . The photon interacts pointlike. Taking photon structure into account ("resolved" photon), the diagrams in Figs. 15b and 15c contribute, with either a gluon or a c quark interacting with the gluon from the proton structure. In the latter case ("charm excitation") the photon remnant will also contain a charm quark. Thus, charm production gives access both to the gluon density of the proton (direct sensitivity via BGF) and to the charm content (charm structure function) of the proton and photon. The c quark mass together with Q 2 provide hard scales for pQCD calculations of charm production, and the HERA data are used to test these calculations. However, the fragmentation of the charm quarks, once produced, cannot be predicted in pQCD. Non-perturbative, empirical models of the charm fragmentation can be tuned with the measurements at HERA and elsewhere, and by comparison of HERA ep data with data from e + e − , γγ and pp collisions the principle of universality of charm fragmentation can be tested. Thus, charm spectroscopy is an important aspect of heavy quark physics at HERA; here, some recent results from the H1 and ZEUS measurements of D-meson production are presented. The measured visible cross sections are given in Table 1 . The kinematic range of the measurements is 2 < Q 2 < 100 GeV 2 , 0.05 < y < 0.7, p ⊥ (D) > 2.5 GeV and |η(D)| < 1.5, where y is the inelasticity and η the pseudo-rapidity.
The cross sections in Table 1 are compared to the Leading Order (LO) QCD prediction, obtained with the Monte Carlo (MC) generator program AROMA 2.2 [39] . Good agreement with the data is observed. Note that both the measured and the predicted cross sections include contributions from decays of b flavoured hadrons into D-mesons. These contributions are taken from the AROMA simulation and the cross section measurements are converted into fragmentation factors f (c → D), using the expression
where the fragmentation dependence f w.a. (the world averages of the charm fragmentation factors are used in the hadronisation part of the MC simulation) has been removed. The resulting measured fragmentation factors are given in Table 2 Table 2 : Measured charm fragmentation factors compared with the world average values [40] .
Since the cross section measurements are all made in the same kinematic range, ratios of the fragmentation factors can be used to calculate several interesting quantities, characterizing the fragmentation. Thus the fraction of vector mesons P V produced in the fragmentation, the ratio R u/d of u and d quarks participating in the charm fragmentation, and the strangeness suppression factor γ s are given by the following expressions, where VM and PS stand for the number of vector mesons and pseudoscalar mesons, and BR are branching ratios:
In the ratio P ′ V isospin invariance has been used, i.e. it is assumed that
The obtained numbers, P V = 0.693 ± 0.045 ± 0.004 ± 0.009, R u/d = 1.26 ± 0.20 ± 0.13 ± 0.04 and γ s = 0.36 ± 0.10 ± 0.01 ± 0.08, agree well with the world average values (calculated using [40] ) of 0.601 ± 0.032, 1.00 ± 0.09 and 0.26 ± 0.07, respectively. The ZEUS measurements [41] of γ s = 0.27 ± 0.05 ± 0.07 and P ′ V = 0.546 ± 0.045 ± 0.028 also compare well with the world average and with the H1 measurement of P ′ V = 0.613±0.061±0.033±0.008, respectively. 
The world average values of these fragmentation sensitive ratios are dominated by the LEP e + e − results. Thus one may conclude that the hypothesis of charm fragmentation universality is well supported by the HERA ep data. It is argued in [42] that different processes may be sensitive to different aspects of fragmentation, and that universality may not hold. Observation of P -wave states: ZEUS observe two neutral states, using an "extended ∆m" tagging method, in which still another pion with the correct charge was added to the D * candidate combination [43] . The corresponding mass distribution is shown in Fig. 18 . A fit which includes two BreitWigner shapes, folded with the resolution and including the expected helicity spectra (J P = 1 + and 2 + ), describes the data (Fig. 18b) . The two states agree in mass and width with the L = 1 states previously seen in e + e − collisions, namely D The mass spectrum in Fig. 18 is complicated by the indication of a third mass state, not previously seen. , meaning that the strangeness suppression, which was determined using the S-wave states, seems not to be valid for this Pwave state. Finally, ZEUS [43] have also searched for the narrow state seen by DELPHI [46] at 2637 MeV and decaying into D * ± π + π − . At this mass, radially excited D * -mesons are expected [47] . The search method is again an "extended ∆m" combination, ∆M * ′ = M (Kππ s π 4 π 5 ) − M (Kππ s ) + M (D * ± ), where two pions π + π − have been added to the D * ± candidate combinations. The mass spectrum in Fig. 20 shows no significant peak, and an upper limit is set, R D * ′± →D * ± π + π − /D * ± < 2.3%(95% C.L.), which contradicts the DELPHI observation. The upper limit can also be expressed as a limit on the corresponding fragmentation factor, f (c → D * ′± ) · BR(D * ′+ → D * + π + π − ) < 0.7 % (95% C.L.). OPAL and CLEO [48] also could not confirm the DELPHI observation, and OPAL gave the value 0.9 % for this limit.
In conclusion, the Charm Spectroscopy is a very active field in the HERA physics, and it will greatly profit from the HERA-II luminosity upgrade and from the recent H1 and ZEUS detector improvements, in particular in the areas of triggering, tracking and vertex detection.
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